The Linac Coherent Light Source (LCLS) was the first X-ray free electron laser (XFEL) to lase in the hard X-ray regime at 1.5Ångstrom wavelength [1] . The ultrashort pulse duration of ≤ 100 fs in combination with short wavelength light offers the prospect to image structure and dynamics on atomic spatial and temporal scales with important applications in the biological [2, 3] and material sciences [4] . In materials science it is e.g. envisioned to take single-shot images of molecular liquids to unravel bond-order in disordered structures [5] , to follow dynamic properties via photon correlation techniques [6] , or to image magnetic spins [7, 8] on their intrinsic time scales. Many of the exciting proposed experimental techniques rely on the coherence properties of the hard X-ray beam since the ultrashort pulse duration promises the possibility to take single shot speckle patterns undisturbed from any thermal motion within the sample.
The coherence properties of light sources based on Self-Amplified Spontaneous Emission (SASE) differ from those of conventional optical lasers as the SASE process arises from random fluctuations in the electron beam [9] . Since shot noise in the electron beam is a stochastic process, the SASE generated X-ray radiation possesses also certain random features. Simulations predict, for example, that a single SASE FEL pulse consists of several spectral spikes or longitudinal modes [10] [11] [12] . In contrast, the transverse coherence length is predicted to be better defined. Experiments at the free-electron laser FLASH operating in the VUV regime confirmed those simulations [13] [14] [15] [16] . The coherence properties of the LCLS in the soft X-ray regime has been reported recently [17] .
Measuring the transverse and longitudinal coherence properties of hard X-ray beams is a non-trivial task because of the small length-scales involved. We propose and demonstrate here an avenue for measuring the coherence properties in the hard X-ray regime that is based on measuring coherent diffraction speckle patterns of disordered samples. The statistical properties of such speckle patterns are directly related to the coherence properties of the incoming radiation field [18] , and thus allow to determine the field correlations. Carefully choosing the length-scales of the disorder in the sample allows us to investigate and discriminate between transverse and longitudinal coherence properties. The longitudinal coherence properties of the X-ray beam permits, for example, to estimate the duration of the X-ray pulses. This parameter is difficult to measure but crucial for experiments such as ultrafast magnetization dynamics where electronic and spin processes take place on time scales of 100 fs and below.
We present measurements of single shot speckle patterns at the LCLS in two different experimental geometries. The first one was performed in a small angle scattering (SAXS) geometry. The small scattering angle ensures that the longitudinal path length difference is negligible and that only the transverse coherence lengths are relevant. In contrast, the second measurement was performed at wide angles (WAXS) on a gold nanopowder. In this geometry, the maximum path length difference of the X-ray photons is of the order of the longitudinal coherence length, thus affecting the speckle contrast.
The LCLS linac was operated at a final electron energy of 14. Another useful means of characterizing a speckle pattern is the intensity probability distribution function p(I) given by [18] 
where I is the number of photons, I the average photon number and M is the number of modes. Fig. 2(middle) shows the histogram of a single shot speckle pattern together with two lines calculated via expression Eq. 1 for M = 1 (solid line) and M = 2 (dashed line), respectively. The data are very well described with a single mode (M = 1), while M = 2 already deviates strongly from the data.
The spatial intensity correlation function g(R) = I(r + R)I(r) / I(r) 2 = |γ(R)| 2 + 1 yields information about the mutual coherence function γ(R). We calculated the spatial intensity correlation functions in both vertical and horizontal direction. Both γ(R) functions can be described by an exponential γ v,h (R) = exp(−R/R v,h ) ( as displayed for the horizontal direction in Fig. 2(bottom) ). Assuming that the illuminating beam profile is of Lorentzian shape we can connect the speckle size R v,h with the beam size (FWHM σ) via R v,h = λz/(2πσ v,h ), where z is the sample-detector distance. We obtain values for the beam sizes of 3.3 and 9 µm in the vertical and horizontal direction, respectively, which is in very good agreement with the measured beam widths.
For the WAXS experiment a Au-nanopowder sample was used. The sample was produced by spreading a solution of Au and polyvinylpyrrolidone (PVP) on a thin kapton support.
The thickness of the Au-nanopowder sample is (2.24 ± 0.36) µm. The detector was placed at a distance of 1.55 m from the sample at a vertical scattering angle 2θ = 34
• (Q=26 nm −1 ) to match the position of the Au (111) reflection (Fig. 1) . The X-ray beam and FEL Comparing the intensities with the SAXS case we find that single shot scattering intensities at large Q-value are low and statistics can only be gained by a large number of pixels.
By histogramming the intensity one can deduce the speckle contrast as shown previously.
We evaluated the speckle contrast for 62 single-shot speckle patterns (see Fig. 3 previously that the beam is transverse fully coherent, we can calculate the speckle contrast as (assuming a Gaussian spectrum)
with L denoting the beam size and W the sample thickness [20] [21] [22] . A and B depend on the coherence time τ c , k 0 = 2π/λ and Q, and are given by A = Q/(τ c k 0 c) 1 − (Q/2k 0 ) 2 , and
respectively. In order to compare the model with our data, we take an additional smearing effect caused by the detector resolution into account. Using the mean contrast β = 0.26 as input a numerical inversion of Eq. 2 yields a mean coherence time of τ c = (2 ± 1) fs. This value is in good agreement with results from simulations yielding τ c ≃ 2.5 (FWHM) [24] . The measured τ c corresponds to a Gaussian energy bandwidth (FWHM) of (∆E/E) G = 0.66λ/(cτ c ) = 1.5·10 −4 which is close to the bandwidth of 1.36·10
of the Si(111) monochromator.
The data also allows to deduce the coherence time on a single shot basis (Fig. 3 bottom) .
The error bars represent a confidence interval which takes a 10 % fluctuation in beam size and the error of the measured contrast into account. Most of the data falls into a region of coherence times from 0.5 to 2.5 fs while we also observed some shots providing a larger coherence time in the region around 4-6 fs. The mean coherence time deduced from the single shot data set is τ c = 2.2 fs (standard deviation 1.8 fs).
The theory of the SASE process yields an expression for the intensity probability distribution [10] 
where M t is the average number of temporal modes and I the average intensity. By analyzing the data of the intensity monitor downstream of monochromator we can deduce the average number of temporal modes (Fig. 4) . Fitting Eq. 3 to the data yields M t = 14.5±1 temporal modes which is in good agreement with M t = 16 modes obtained from simulations.
The number of modes allows us to estimate the average X-ray pulse duration (FWHM) behind the monochromator via T = M t × τ c = (29 ± 14)fs. Thus the X-ray pulses seem considerably shorter than the electron bunch duration of 100 fs. This finding is consistent with simulations [24] and recent experiments [25] , [26] and will have major impact on a whole class of LCLS experiments that depend on a detailed knowledge of the pulse duration.
In summary, our experiments characterize and quantify the high coherence properties of the hard X-ray LCLS beam. The focused beam is transversely fully coherent with a mode number close to one, while the average number of longitudinal modes about 14.5. We demonstrated the possibility to measure single shot speckle patterns on atomic length-scales.
The mean coherence time downstream of the Si (111) monochromator is 2(± 1) fs. This implies a X-ray pulse duration of 29 ± 14 fs for 100 fs electron bunches. 
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